Introduction: The interest in conditioned pain modulation (CPM) as a clinical tool for measuring endogenously induced analgesia is increasing. There is, however, large variation in the CPM methodology, hindering comparison of results across studies. Research comparing different CPM protocols is needed in order to obtain a standardized test paradigm. Objectives: The aim of the study was to assess whether a protocol with phasic heat stimuli as test-stimulus is preferable to a protocol with tonic heat stimulus as test-stimulus. Methods: In this experimental crossover study, we compared 2 CPM protocols with different test-stimulus; one with tonic teststimulus (constant heat stimulus of 120-second duration) and one with phasic test-stimuli (3 heat stimulations of 5 seconds duration separated by 10 seconds). Conditioning stimulus was a 7˚C water bath in parallel with the test-stimulus. Twenty-four healthy volunteers were assessed on 2 occasions with minimum 1 week apart. Differences in the magnitude and test-retest reliability of the CPM effect in the 2 protocols were investigated with repeated-measures analysis of variance and by relative and absolute reliability indices. Results: The protocol with tonic test-stimulus induced a significantly larger CPM effect compared to the protocol with phasic teststimuli (P , 0.001). Fair and good relative reliability was found with the phasic and tonic test-stimuli, respectively. Absolute reliability indices showed large intraindividual variability from session to session in both protocols.
Introduction
Pain experiences can be altered by the central nervous system through endogenous modulatory systems, including through activity set up by the nociceptive system itself. 2, 14, 32 Although the theoretical framework of pathways affected by such activity seems by many authors to be limited to one fairly well researched circuitry, ie, "diffuse noxious inhibitory controls" (DNIC), this is just one of several possible competing systems that may facilitate or inhibit the nociceptive system at different central nervous system levels. Conditioned pain modulation (CPM) is a test introduced to survey the net inhibitory and excitatory effect of activated nociceptive pathways on the pain sensitivity in a body part other Sponsorships or competing interests that may be relevant to content are disclosed at the end of this article.
than the one being conditioned. In this test paradigm, the perceived pain intensity of a painful test-stimulus is measured once and thereafter again during or immediately after a painful conditioning stimulus in a remote body area. A reduction in the pain perception of a test-stimulus or an increase in a pain threshold induced by a test-stimulus in response to a conditioning stimulus is considered as a net inhibitory CPM effect. 26 A meta-analysis has shown that individuals with chronic pain disorders have impaired CPM effect compared to healthy controls. 15 Studies have also shown that pain-free individuals with impaired CPM effect have higher risk of developing chronic pain after surgery than individuals with a stronger CPM effect. 31, 36 These findings suggest that impaired CPM effect may be a trait that is a risk factor for the development of chronic pain. However, there is large variation in the CPM methodology, which makes it difficult to reach firm conclusions. 35 A recent systematic review suggests that CPM is a reliable measure, but the degree of reliability depends among other factors on stimulation parameters. 13 A standardized and evidence-based CPM protocol is needed. 35 One of the commonly used test-stimulus in the CPM paradigm is contact heat stimulation. 26 Both tonic heat test-stimulus (eg, Refs. 11, 28) and phasic heat test-stimuli (eg, Refs. 29, 30) are in use, but the 2 have not been compared to establish the optimal modality of heat test-stimulus in CPM testing. Brief phasic heat stimulations may be more reliable, 10 more efficient, and convenient in a clinical setting than tonic heat stimulations. Thus, the main aim of the present study was to assess whether a protocol with phasic heat stimuli is preferable to a protocol with tonic heat stimulus. Secondly, the present study aimed to identify the optimal stimulation time or number of stimulations in the tonic and phasic test-stimuli, respectively. Assuming CPM is a trait, the optimal protocol should be based on methods that evoke statistically significant and reliable CPM effects.
Methods

Subjects
Self-reported healthy men and women aged 18 to 45 years were recruited by advertisement at local hospitals and colleges or universities in Oslo, Norway. Exclusion criteria were presence of chronic pain, somatic or psychiatric disease, headache for more than 2 days a month, hypertension (.140/90 mm Hg), pregnancy, acquaintances with the experimenter, and regular use of medication (including nonprescription pain killers), except oral contraceptives. Subjects were requested not to work night shifts 48 hours before the experiment, not to consume alcohol or pain killers 24 hours before the experiment, or caffeine and tobacco the last hour before the experiment. Blood pressure measurements were obtained prior to the experiments after minimum 5 minutes of rest. A written informed consent was obtained prior to participation. The study was approved by the regional committee for medical and health research ethics (REK nr 2010/2927) and conducted in accordance with the Declaration of Helsinki. Subjects received a gift certificate of NOK 500 for participation.
A priori power analysis based on previous studies from our laboratory 18, 20 showed that 20 subjects were needed to detect a difference of 1 cm on a 10-cm visual analogue scale (VAS) in the CPM effect between the 2 protocols with a SD of 1.5, assuming a 2-sided significance level of 5% and 80% power.
Design
The present study was an experimental crossover study comparing 2 different heat test-stimuli. Each experiment started with the test-stimulus alone, either tonic or phasic. After a 5-minute break, an identical test-stimulus in parallel with the conditioning stimulus was applied. A parallel CPM design was used to maximize the CPM effect. 26 Since the CPM effect is short lived, 35 a 30-minute break followed to eliminate any carryover CPM effects before the other protocol was conducted with the same procedure at the opposite arm ( Figure 1) . A computerized block-randomization for both the order of protocol and the test arm was conducted prior to the experiments. Subjects were blinded for the study hypothesis and temperatures of the painful stimuli. A female experimenter (M.U.L.) carried out all experiments. Room temperature (21˚C-23˚C), placement of instruments, instructions, and the experimenter's clothes were standardized. The experiment was repeated after 14.2 (6.8) (mean [SD]) days with a minimum interval of 7 days, where the second session was identical to the first session.
Test-stimuli
Test-stimulus was contact heat induced by a 30 3 30-mm Peltier thermode (Medoc, Ramat Yishai, Israel) applied on the proximal volar aspect of the forearm. Thermode temperature increased from baseline (32˚C, 2˚C per second) to a temperature equivalent to a pain intensity of 6/10 cm on a VAS (see Pretest) and kept constant for a given period. Temperature decreased to baseline at 8˚C per second. The tonic heat test-stimulus was constant for 120 seconds, while the phasic test-stimuli consisted of 3 heat plateaus of 5-second duration separated by 10 seconds with baseline temperature. The pain intensity of the test-stimulus was continuously rated on a computerized 10-cm horizontal VAS, where the left end of the scale represented "no pain" and the right end represented "worst pain imaginable." An average pain score of the test-stimulus was calculated for the total time of the teststimulus and for different periods during the test-stimulus (0-30, 31-60, 61-90, and 91-120 seconds for the tonic heat teststimulus and first, second, and third stimulation for the phasic heat test-stimuli) ( Figure 2) . The average pain score during the Figure 1 . Experiment timeline. The main experiment started with the test-stimulus alone, either the tonic heat test-stimulus or the phasic heat test-stimuli. After a 5-minute break, an identical test-stimulus in parallel with the conditioning stimulus was applied. A 30-minute pause followed before the other protocol was conducted with the same procedure at the opposite arm. An identical experiment was conducted after a minimum of 7 days. phasic heat test-stimuli was calculated based on the highest VAS score in each of the 3 stimulations.
Conditioning stimulus
A 7˚C cold-pressor test (CPT) (LAUDA Alpha RA8; LAUDABrinkman LP, New Jersey, NJ) was used as conditioning stimulus at the contralateral hand to the test-stimulus side. Subjects were instructed to hold their hand wide open and steady in the container with circulating water up to the wrist. The hand was immersed at the same time as the test-stimulus started and withdrawn after the test-stimulus was terminated or until the pain forced the subject to remove the hand from the container. Thereafter, the overall conditioning stimulus pain intensity was rated using a verbal numerical rating scale with the endpoints; 0 5 "no pain," 10 5 "worst pain imaginable."
Two subjects withdrew their hand from the cold water before completing the 2 minutes during both protocols and both sessions. A third subject was also unable to complete the conditioning stimulus, but only in the first session during the tonic heat test-stimuli.
Pretest
A pretest was performed to familiarize subjects with the pain intensity ratings and to determine an individual test-stimulus temperature for each subject to eliminate floor and ceiling effects due to individual differences in heat pain perception. A novel technique was used to calculate the test-stimulus temperature (see supplemental figure, available at http://links.lww.com/PR9/A13), which was aimed to reflect a pain intensity of 6/10 cm on a VAS, but a score within the range of 4-9/10 cm was considered acceptable.
Data analysis and statistics
The absolute CPM effect was defined as the difference in pain ratings during the test-stimulus in parallel with the conditioning stimulus compared to the pain ratings during the test-stimulus alone. Additionally, the CPM effect was calculated as a percent change CPM effect (absolute CPM effect/test-stimulus pain 3 100).
Statistical analyses were conducted using SPSS Statistics v. 21 (IBM, Armonk, NY). P-values #0.05 were regarded as significant. The distribution of data was assessed in preliminary analyses by a Shapiro-Wilk test and inspection of descriptive statistics, histograms, boxplots, and Q-Q plots. These analyses did not indicate any extreme departures from normality that would affect the planned parametric analysis.
Pain ratings of the test-stimulus alone were compared with pain ratings during conditioning stimulus in paired sample Student t tests. Bonferroni correction for multiple testing was applied. Differences between the 2 protocols and sessions regarding pain ratings of the test-stimulus, test-stimulus temperature, and pain ratings of the conditioning stimulus were investigated with repeated-measures analysis of variance (RM ANOVA), with session (levels: first session vs second session) and protocol (levels: tonic stimulus vs phasic stimuli) as factors.
Differences in CPM effect between the 2 protocols were investigated with RM ANOVA, with session (levels: first session vs second session) and protocol (levels: tonic stimulus vs phasic stimuli) as factors. To assess the relative reliability, intraclass correlation coefficients with a 2-way random-effect model (ICC 2,1 ) and absolute agreement definition for single measures were used (,0.4: poor reliability; 0.4-0.59: fair reliability; 0.6-0.75: good reliability; .0.75: excellent reliability). 28 Several indices were used to assess the absolute reliability. The mean difference ( d) was calculated by subtracting the mean CPM effect in the first session from the second session and evaluated with a 1-sample Student t test. Ninety-five percent limits of agreement (LoA) was calculated as d 6 1.96 3 SD diff (SD diff 5 SD of the difference). 5 Coefficient of variation (CV%) was calculated as (SD diff /√2) 3 100/mean of the 2 sessions.
An RM ANOVA with Bonferroni correction was conducted to determine differences in CPM effect during different periods. Session (levels: first session vs second session) and periods (levels: 0-30 vs 31-60 seconds vs 61-90 vs 91-120 seconds or first stimulation vs second stimulation vs third stimulation) were used as factors. Greenhouse-Geisser correction was used if sphericity was violated.
Subjects were dichotomized into responders and nonresponders (responder 5 CPM effect ,0), and the 95% confidence interval (95% confidence interval [CI]) of the estimated proportion was calculated.
Results
Sample
Twenty-seven subjects were included in the study. One subject was excluded due to hypertension, one subject was unable to Figure 2 . Illustration of the test-stimulus in 2 different conditioned pain modulation protocols. In both protocols, the test-stimulus was a contact heat stimulus with a temperature equivalent to a pain intensity level of 6/10 on a visual analogue scale (VAS) applied on the proximal volar aspect of the subjects' forearm. (A) The protocol with the tonic heat test-stimulus consisted of a constant heat stimulus for 120 seconds. An average test-stimulus pain score was calculated for the total time of the test-stimulus and for 4 different periods along the test-stimulus (0-30, 31-60, 61-90, and 91-120 seconds). (B) The protocol with the phasic stimuli consisted of 3 heat plateaus of 5 seconds duration separated by 10 seconds. An average test-stimulus pain score based on the highest VAS score in each of the 3 stimulations was calculated for the total time of the test-stimulus and for the different stimulations (first, second, and third stimulations).
tolerate the tonic heat test-stimulus for the required period of time, and one subject chose not to participate in the second session because the subject found the conditioning stimulus too uncomfortable. Thus, a total of 24 subjects (10 females) were included in the analysis. For sample characteristic see Table 1 .
Conditioned pain modulation effect
A CPM effect was observed with the tonic heat test-stimulus for each period in both sessions ( Figures 3A and B) . A CPM effect was also observed in the protocol with phasic heat test-stimuli, although not for all stimulations when analyzed separately ( Figures 3C and D) . When combining data from both sessions, the mean absolute CPM effect (95% CI) for the protocol with tonic heat test-stimulus was 22.8 cm (95% CI: 23.4 to 22.2), corresponding to a percent change of 247.5%, while the mean absolute CPM effect for the other protocol was 21.4 cm (95% CI: 22.0 to 20.8), corresponding to a percent change of 227.0%. The protocol with tonic heat test-stimulus yielded a significantly larger absolute CPM than the protocol with phasic heat teststimuli (P , 0.001; Figure 4) . A significant increase in absolute CPM effects was observed over time in the protocol with tonic heat test-stimulus (P , 0.001) and between the different stimulations in the other protocol (P 5 0.006). However, this difference was only significant between the first (0-30 seconds) and the 3 other periods (30-60 seconds: P , 0.001, 60-90 seconds: P , 0.001, 90-120 seconds: P 5 0.004), indicating that there was no further increase in absolute CPM effect after 30 seconds. In the protocol with phasic heat test-stimuli, the significant difference was found between the first and third stimulations (P 5 0.023).
Test-stimuli temperatures did not differ between the protocols (P 5 0.421). Slightly higher test-stimulus temperature was required to achieve a pain intensity of 6/10 cm on a VAS in the second session than in the first session (P 5 0.049). There was a trend towards higher pain ratings of the test-stimulus during the tonic heat test-stimulus than the phasic heat test-stimuli (P 5 0.062), but no difference when comparing the test-stimuli ratings between the first and second sessions (P 5 0.386). Neither were there any significant differences in pain rating in the 2 protocols (P 5 0.218) nor any differences in such pain ratings between sessions (P 5 0.703). No interactions were found between sessions and protocols in any of the variables tested.
Test-retest reliability
The ICC values of the total CPM effect suggest good relative reliability in the protocol with tonic test-stimulus and fair reliability in the protocol of phasic stimuli (Tables 2 and 3) . Only the second stimulation in the latter protocol showed a significant difference in mean difference ( dÞ. Large LoA was observed for CPM effects in both protocols, which indicates large intraindividual differences between sessions. Also, high CV% was found in CPM effects in both protocols. An increase in ICC and a decrease in CV% were observed for CPM effects during each period in both protocols, indicating increasing reliability with increasing duration of the stimulus. However, as demonstrated by the ICC's overlapping 95% CI, this increase was not significant. The reliability of the teststimulus alone in both protocols was also overall poor, while the conditioning stimulus showed excellent reliability ( Tables 2  and 3 ).
Discussion
The present study showed that a protocol using tonic heat as test-stimulus resulted in a significantly larger CPM effect compared to a protocol using phasic heat as test-stimulus. Fair and good relative reliability was observed for the CPM effect in the protocol with phasic test-stimuli and tonic test-stimulus, respectively. In both protocols, the absolute reliability indices displayed good agreement in the mean CPM effect between the 2 sessions. However, high intraindividual variability was observed for both protocols.
Conditioned pain modulation effect
The 2 protocols compared in the present do not differ in teststimulus temperature, test-stimulus pain ratings, or conditioning stimulus pain ratings. This suggests that the observed difference in the CPM effect between the 2 protocols is most likely due to the differences in design of the 2 protocols. Based on the resulting increase in CPM effects during the different periods, one could argue that tonic stimulation longer than 30 seconds as well as phasic stimulations with more than 2 stimulations is preferable to those less than 30 seconds duration or with less than 2 stimulations. However, further research specially designed for this purpose is needed to confirm such assumptions.
Currently, only a few studies have compared various teststimuli using the CPM paradigm, 11, 12, 17, 19, 22 and no studies have compared protocols with tonic and phasic heat test-stimuli. The CPM effect observed using the protocol with tonic heat teststimulus is consistent with findings from several other studies using 120 seconds of heat stimulation as test-stimulus and 7˚C-12˚C CPT as conditioning stimulus. 18, 20, 24, 28 In these studies, the percent change CPM effect ranges between 229.1% and 239.5%, ie, slightly lower than the percent change observed in the present study at 247.5%. A possible explanation for this difference may be differences in design (parallel vs sequential CPM testing) or related to the intensity of the test-stimulus as the test-stimulus is rated slightly lower in comparable studies. However, such assumptions are not clearly supported in the literature. 21 Furthermore, although the present study was not designed for investigating such assumptions, we found no correlation between pain ratings of the test-stimulus and CPM effect in post-hoc analysis.
A study by Treister et al. 29 used 5 heat stimulations of 3-second duration with 12-second intervals as test-stimulus and a 30-second CPT at 12˚C as conditioning stimulus, which resulted in a percent change CPM effect of 243%. An absolute CPM effect of 22.9 cm on a 10-cm VAS (percent change not reported) was reported by Demeter et al. 8 when using a comparable design as Treister et al. 29 The CPM effect in these studies is somewhat higher than the CPM effect in the protocol with phasic test-stimuli in the present study (227.0% or 21.4 cm). As the CPM effect seems to increase from the first to the third stimulation in the present study, similar increases could also be expected for subsequent stimulations, which may serve as an explanation for larger CPM effects in the comparable studies with 5 stimulations. Also, differences in duration of the stimulation and the length of intervals between each of the stimulations may contribute to differences in CPM effects between studies.
Test-retest reliability
To our knowledge, 13 studies have attempted to analyze the test-retest reliability of the CPM paradigm, and 10 of them in healthy volunteers. 6, 9, 12, 13 Five studies have investigated relative reliability in different protocols using heat as test-stimulus with either CPT or heat as conditioning stimulus. 9, 11, 12, 30, 33 Granovsky et al. 11 reported poor reliability (ICC 0.21 and 0.34) in 2 protocols with tonic heat test-stimulus of 30 and 45 seconds duration, respectively, in a traditional parallel CPM testing with heat as conditioning stimulus, while fair reliability (ICC 0.59) was observed when teststimulus was delivered for 45 seconds accompanied by a heat conditioning stimulus during the last 25 seconds. Poor reliability (ICC 0.39) was reported by Wilson et al., 33 who used a tonic heat test-stimulus of 30 seconds duration in parallel with a heat as conditioning stimulus. The ICC values in these studies are somewhat lower than the ICC value observed for the protocol with tonic heat test-stimulus in the present study. A possible explanation for this could be the duration of the test-stimulus, since the ICC values in the present study seems to increase with time. The differences could also be due to the use of different conditioning stimulus (heat vs CPT). A recent study by Gehling et al. 9 used 30 seconds of tonic heat as test-stimulus in parallel with a 10˚C CPT as conditioning stimulus, which resulted in good reliability (ICC 0.62), similar to the present study. It should, however, be noted that Gehling et al. 9 investigated the short-term test-retest reliability within 72 hours. Valencia et al. 30 reported good reliability (ICC 0.71) when using 5 phasic heat stimulations of 1 second duration as test-stimulus and an 8˚C CPT as conditioning stimulus in a sequential test paradigm. Good reliability (ICC 0.60) was also found in another recent study using heat pain threshold as test-stimulus in parallel with a 0˚C-4˚C CPT. 12 Although ICC is a common method to analyze test-retest reliability, it is not a sufficient measurement. 1, 16 High correlation may be observed as long as individuals have maintained their position in the sample across repeated measures even though they may have changed essentially from session to session. In addition, ICC strongly depends on the sample's heterogeneity, leaving a homogenous group with lower ICC values than a heterogenous group, although the difference between sessions are the same in both groups. 1 Based on these limitations, using ICC alone may lead to false conclusions and may have contributed to the inconsistencies between prior CPM reliability studies. Thus, it is recommended to include measures of absolute reliability in test-retest reliability studies. 1, 7, 13 The absolute reliability in the present study did not differ substantially between the protocols. The only apparent difference was the CV%, where the protocol using tonic heat test-stimulus was superior to the protocol using phasic heat test-stimuli. The CV% in the present study is in line with other studies using CV% as an indicator of absolute reliability. Oono et al. 22 reported a CV % of 41.1% using CPT as conditioning stimulus and pressure pain tolerance as test-stimulus, while Biurrun Manresa et al. 3 reported a CV% of 64.1% to 76.2% when using the nociceptive withdrawal reflex as test-stimulus and a CPT below 2˚C as conditioning stimulus. A recent study by Imai et al. 12 found a CV% of 2.3%, when using heat pain perception level as test-stimulus. The absolute mean CPM effect for the protocol with tonic heat teststimulus and the protocol with phasic heat test-stimuli when sessions are combined. The absolute CPM effect in the protocol with the tonic heat teststimulus was significantly larger compared to the absolute CPM effect in the protocol with the phasic heat test-stimuli (P , 0.001). CPM, conditioned pain modulation. *P-value (repeated-measures analysis of variance). Error bars 5 95% confidence intervals.
Table 2
Test-retest indices for the test-stimulus, conditioning stimulus, and absolute CPM effect in the protocol with tonic heat test-stimulus.
Variables
Session I (cm; mean, SD) Session II (cm; mean, SD) d (LoA LB to UB) P * CV (%) ICC 2,1 (95% CI)
Total pain ratings during test-stimulus However, even though CV% is a dimensionless parameter, it is highly dependent on the employed scale. With a mean close to zero (eg, with the CPM effect assessed as a change in cm on the VAS), CV% would be large. In contrast, the CV% would be small if the variation is considerably lower than the mean (eg, with the CPM effect assessed as a change in heat pain perception levels, with a mean of 47˚C).
No evident change in the mean difference ( d) in CPM effect was found between sessions, suggesting absence of learning effects and a reliable CPM effect on a group level. However, large intraindividual variability was observed in both protocols, which indicate that neither of the protocols evokes a reliable CPM effect in healthy adults on an individual level. The LoA in the present study are somewhat higher compared to other studies; Imai et al. 12 reports a LoA of 21.7 to 2.3 and Biurrun Manresa et al. 3 reports an LoA of 22.5 to 2.7, indicating somewhat lower absolute reliability.
The poor absolute reliability observed in the present study complicates the appraisal of the clinical value of CPM. For instance, in the protocol with tonic heat test-stimulus, the LoA shows that an healthy individual can have a CPM effect of 23.6 in the first session (ie, an excellent CPM effect), while 14 days later, the CPM effect could be 0 (ie, no CPM effect at all). Still, the change is lower than the LoA and should not be considered a clinical relevant change. The findings in the present study indicate that CPM varies from time to time and may not be a stable trait after all. Thus, there is reason to exercise caution when using measures of CPM protocol as a basis for clinical decision making on an individual level.
Strength and limitations
Gender and handedness may possibly influence the CPM effect. 23, 25 However, we found no indications that gender or handedness influenced our findings as post-hoc analyses showed no differences in CPM effects between men and women nor any difference in CPM effect when all 5 left-handed subjects were excluded (data not reported). Moreover, we performed a block randomization considering handedness. We did not control or consider the effects of menstrual cycle, but there are no clear evidence that menstrual cycle affects the CPM effect. 33 Both protocols in the present study consisted of parallel testing, which is criticized for being biased by other modulation systems such as distraction. 35 However, one could argue that rating the pain intensity of the conditioning stimulus after the test-stimulus was terminated reduce the distraction effect of the concurrent conditioning stimulus in the present study. In the present study, 2 upper limbs were used, which may result in a segmental spinal inhibitory effect rather than reflecting an inhibitory effect of the DNIC. 34 Importantly, none of these limitations can explain the poor absolute reliability. The poor reliability could, however, be related day-to-day differences in expectation 4 or mood, which needs to be addressed by future research. Although the conditioning stimulus had excellent reliability, 7˚C water in 2 minutes may be too painful in a clinical setting, as 3 subjects withdrew their hand before the 2 minutes ended and 1 subject chose not to participate due to the discomfort during the conditioning stimulation.
Conclusions
The present study suggests that due to larger CPM effects and somewhat better test-retest reliability, the protocol with the tonic heat test-stimulus is preferable to the protocol with the phasic heat test-stimuli. More importantly, the present study indicates that the CPM effect may not be a stable trait in healthy adults.
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